The bond characteristics between steel reinforcement and concrete are important when modelling global behaviour and predicting reinforcement fracture at ultimate failure. The current paper presents the measured bond stress-slip relationship for welded ribbed and smooth mesh reinforcement at ambient and elevated temperatures, which is commonly used in composite floor slabs. The tests incorporated the bond stress of the mesh resulting from the longitudinal and transverse bar together with the strength of the connecting weld. It was found that the 6, 7 and 8 mm diameter ribbed mesh fractured at all temperatures and the 10 mm diameter ribbed mesh failed by splitting owing to the low cover/bar diameter ratio. All mesh reinforcement with plain bars (6, 7, 8 and 10 mm diameter) failed by fracture of the weld followed by pull-out of the longitudinal bar. The results presented in this paper can be used in current structural models and will aid in defining the ultimate failure criteria of slabs with welded mesh reinforcement.
Introduction
Large displacements of floor plates in fire conditions are generally accepted, provided overall collapse or breach of compartmentation does not occur. The generation of large displacements can lead to enhanced capacity of the floor plate owing to tensile membrane action. The use of tensile membrane action within composite floor slabs was shown in the fire tests 1,2 on the Cardington steel-framed building, where fires in excess of 10008C occurred. Owing to the membrane action of the floor slab, the steel beams were left unprotected, during the tests, without collapse occurring. For the Cardington building the composite slab was nominally 130 mm thick and comprised a steel trapezoidal deck, A142 mesh reinforcement (6 mm smooth bars at 200 mm centres) and lightweight concrete.
Although tensile membrane action is beneficial, with increasing load capacity as the vertical displacement increases, there is a point at which failure occurs by localised full-depth cracks through the concrete and fracture of the reinforcement. These localised cracks will occur first in areas of hogging (assuming continuity is provided) followed by localised cracks at midspan. Fig. 1 shows localised cracking of the composite slab on the Cardington steel-framed building following a fire test. Once localised full-depth cracks occur, the fracture of the reinforcing mesh will depend on the bond of the bars.
The A142 mesh used on the Cardington building was a smooth mesh. Following the introduction of the Eurocode 3 only ribbed mesh is now specified in composite floor slabs and smooth mesh ceased to be manufactured in the UK in January 2006. Owing to their high bond properties, ribbed bars will fracture before smooth bars at points of localised full-depth cracking, where localised high strain will occur in the bar. In the case of the smooth bar the lack of bond will allow the strain to be distributed beyond the localised full-depth crack. The extent of strain distribution in the smooth bar will depend on the strength of the welds connecting the bars in the orthogonal directions. If the weld retains its integrity then the strain in the bar, in the proximity of the localised crack, will be distributed over a distance equal to the centres of the transverse bars (200 mm in the case of an A142 mesh). However, if the weld fractures then the strain can be distributed over a significant length of the bar.
The use of smooth mesh on the Cardington steelframed building raises some concern for designers, since this type of reinforcement is more beneficial when considering failure due to fracture of the reinforcement. If a ribbed mesh was used instead (which is the only option available to designers at present) then failure may have occurred in the full-scale tests. Therefore it is possible that designs currently based on the modelling of the Cardington tests are unconservative, since they are not correctly representing fracture of ribbed mesh reinforcement.
The current paper presents a series of tests to measure the bond stress of both ribbed and smooth bar welded mesh at elevated temperatures, to understand the behaviour of different meshes under fire conditions. Previous work carried out by other researchers is discussed, although this has focused on the behaviour of individual bars at larger diameters compared to the typical size mesh reinforcement used in composite floor slabs. The uniqueness of the work presented in this paper is that both the longitudinal and transverse bars, together with the connecting weld, are taken into account to define the bond characteristics.
Previous work on bond behaviour at elevated temperature
The bond between steel reinforcement and concrete consists of three mechanisms: adhesion, friction and mechanical interlock. The effect of chemical adhesion is small and friction forces do not develop until adhesion has failed and relative displacement between the reinforcement bar and concrete occurs. Bond for plain bars depends mainly upon chemical adhesion and, after slip, upon friction. 4, 5 For deformed bars the mechanical interlock of the ribs of the bars embedded in concrete is the principal mechanism governing the bond stressslip behaviour. The effect of chemical adhesion is small and friction does not occur until there is slip between the bar and concrete.
The mechanism of bond failure depends on the system of forces. Generally there are two types of bond failure, comprising splitting and pull-out. Splitting failure occurs in the concrete cover and is caused by the internal forces between the concrete and reinforcement. Pull-out failure is characterised by the removal of the bar, leaving the surrounding concrete generally intact. The mode of failure depends on the type of bar and concrete together with the cover/bar diameter ratio. For ribbed bars, if the cover is small and no transverse steel is present, a splitting type of failure will generally develop. However, if the cover is large enough, or there is a large quantity of transverse reinforcement, a pullout failure will occur or the bar will yield. For plain bars the failure mode is usually by pull-out once the adhesion between the bar and concrete is lost, unless the cover/bar diameter ratio is small. 6 The bond-slip behaviour at elevated temperatures has previously been studied by different investigators. [7] [8] [9] Morley and Royles 7 tested, at elevated temperatures, a cylinder 300 mm in height with a 16 mm diameter Torbar bonded within the centre of the cylinder over 32 mm of its length. Different covers were studied and the diameter of the cylinder varied in accordance with the cover. The bond length adopted was equal to two bar diameters to simulate local bond stress conditions. They considered four different test conditions:
(a) stressed during heating and loaded to failure when hot (b) stressed during heating and loaded to failure when cooled (c) no applied stress during heating and loaded to failure when hot (d ) no applied stress during heating and loaded to failure when cooled.
The temperature range covered in the testing programme was 208C to 7508C. Diederichs and Schneider 8 conducted pull-out tests using cylindrical concrete specimens with short embedment lengths at elevated temperatures. The geometry of the test specimens was determined on the basis of the RILEM/CEB/FIB 10 recommendations. Both ribbed steel and plain round steel bars were investigated. Hertz 9 presented a different method to determine the bond-slip relationship at elevated temperatures known as the cuff test in which a conical concrete specimen with a central reinforcing bar is used. The specimen rests in a spherically seated conical bearing block and, when the bar is pulled out, compressive stresses act on the bar at 458 to the bar axis. A series of 280 specimens with different bar types and diameter, varying from 8 mm to 25 mm, were tested.
Previous work has concentrated on the bond strength between a single bar and the concrete at elevated temperatures. The current paper presents the bond strength between welded mesh reinforcement and concrete used in composite slabs; therefore the specimens tested were rectangular concrete prisms constructed with one long-itudinal bar and one transverse bar welded centrally. The bars were cut from a standard mat of welded mesh.
Experimental programme
Pull-out tests at temperatures varying from 20 to 10008C were carried out for different types, bar diameters and test conditions. To represent the bond behaviour of the welded mesh both the longitudinal and transverse bars, together with the connecting weld, were included within the test specimen. The bar diameters were 6, 7, 8 and 10 mm, corresponding to the UK mesh sizes of A142, A193, A252 and A393. Both ribbed and smooth bars were included. Table 1 gives the details of the mesh used in the tests together with the measured yield stress and the concrete strength of the specimens. Each group shown in Table 1 represents six steady-state test specimens tested at 20, 200, 400, 600, 800 and 10008C.
The majority of the tests were steady-state tests with eight transient tests ( Table 2) conducted to investigate the influence of the test method on the bond behaviour. In the steady-state tests the specimens were heated to a specified temperature followed by the application of the load until failure. In the transient tests a specified load was applied to the unheated specimen at the start of the test and kept constant while the specimen was heated until failure occurred.
The specimens were rectangular concrete prisms constructed with one longitudinal bar and one transverse bar welded centrally. Plastic sleeves were placed over each end of the longitudinal bar to prevent bond between the concrete and the bar. Therefore an exact bond length of 200 mm was ensured, corresponding to the bar centres in the standard UK mesh sizes, as shown in Figs 2 and 3. The transverse bar was positioned such that it was at the mid-point of the bonded length being tested. A cover of 15 mm, to the longitudinal bar, was specified to represent the cover of the mesh over the troughs in a typical composite floor slab. At the weld position two thermocouples were attached to determine the temperature of the longitudinal bar (Fig. 3) .
A nominal 1:2:4 mix with a 0 . 56 water/cement ratio was designed to obtain a concrete characteristic strength of 35 N/mm 2 at 28 days. Portland cement and natural gravel aggregate of 10 mm maximum size were used. Cubes were cast for each group which were tested on the same day as the specimen was tested.
The specimens were cast horizontally to reproduce the casting process of a real composite slab (Fig. 4) . Owing to the occurrence of voids formed by water micro-bubbles underneath the bar, the bond perform- ance of bars loaded perpendicular to the casting direction, as in the experimental programme and in reality, is worse than that of specimens loaded in the same casting direction. Each group shown in Table 1 was cast simultaneously to ensure continuity with the concrete mix for each type of mesh tested.
A purpose-built reaction frame was constructed as shown in Fig. 5 . The top steel beam was formed by two parallel flange channels, with a 25 mm space between them. The reinforcing bar was placed in between the two parallel flange channels and pulled from the top of the steel beam, as shown in Fig. 6 . For the test at elevated temperatures, the specimen was placed inside an electric furnace as shown in Fig. 7 . The load was applied by a hydraulic jack and measured using a load cell. The displacement was measured by two linear potentiometers (Linpots) at the top of the jack, as shown in Fig. 5 .
In typical pull-out tests, such as those described in BS 4449:1997, 11 the specimen is set up to allow one free end to be loaded and the displacement to be measured at the other free end. This ensures that the displacement measured is purely slip and does not include any elongation of the bar. However, in the experimental programme carried out by the current authors only the top bar end was accessible, owing to the position and type of furnace used; therefore, the application of the load and measured displacement were recoded at the same end. This meant that the displacement measured at the top of the jack not only measured the bond-slip of the bar but also included the elongation of the bar. To obtain the true bond-slip-temperature relationship the elongation of the bar had to be removed, which was achieved by testing the bar in isolation to obtain its actual stress-strain characteristics. A similar method has been adopted previously by Mo and Chan, 12 and is presented as a valid approach in ASTM C234. 13 To allow for the deformation of the bar within each test the elongation over the 650 mm distance, from the bonded bar to the position of measurement (Fig. 5) , needs to be considered. The elongation needs to take into account that the top sleeve length of 150 mm is at elevated temperature whereas the remaining 500 mm is at ambient temperature. Temperature measurements taken on the bar just outside the specimen showed that the 500 mm length between the specimen and measurement location remains at 208C, owing to the thermal insulation provided at the top of the furnace. The stress-strain characteristics of the bar were measured at ambient temperature using a standard tensile test. At elevated temperature the reduction factors given in BS EN 1992-1-2, 14 were used to adjust the steel stressstrain characteristics. By removing the elongation of the bar from the measured readings, the true bond-slip relationship was obtained.
All specimens were tested first at ambient temperature and then at elevated temperature. For the steady-state elevated temperature tests, once the two thermocouples on the reinforcement recorded the target temperature and the specimen reached a uniform temperature, the load was applied until failure. A small number of transient tests were conducted to investigate the influence of the testing method. Based on the results from the steady-state test results, the load applied in the transient tests was decided. For the plain bar groups, the load applied corresponded to the failure load recorded at 4008C from the previous steady-state tests for the same diameter size bar. The load applied in the transient tests for the ribbed bar group was the failure load recorded at 6008C from the steady-state tests for the same diameter size bar. The specimen was loaded at the start of the test and remained constant during the test. Similar to the steady-state tests, the specimen was heated at a rate of 3008C/h until failure. The temperature of the thermocouple, placed at the weld position, was recorded when failure occurred. This allowed a direct comparison between the transient and steady-state tests.
Test results
All plain bars, irrespective of bar diameter, failed by fracture of the weld followed by pull-out of the longitudinal bar. Figs 8 to 11 show the measured bond stress-slip relationship for plain bars at different temperatures, with the elongation of the bar removed using the approach explained above. For the ribbed bars, fail- Table 2 , where it can be seen that the final temperatures reached in the transient tests are similar to the failure temperatures in the steady-state tests. The reduction of bond strength with temperature is shown in Fig. 16 for all the tested plain bars and in Fig.  17 for all the tested ribbed bars. Included in both figures is the strength reduction for cold-formed reinforcement given in BS EN 1992-1-2.
14 When considering Figs 16 and 17 it should be noted that the test results are plotted at 2008C intervals and the reinforcement strength reduction factors are plotted at 1008C. This meant that between 600 and 8008C the line representing the reinforcement strength reduction crossed the bond reduction lines.
Comparison between Figs 16 and 17 shows that the plain bars have a greater reduction in bond strength with increase in temperature compared to the ribbed bars. This suggests that the bond is not solely governed by the strength of the weld and the behaviour of the transverse bar but is also dependent on the type of bar. For the plain bars the loss of bond strength is significantly lower than the actual loss of strength of the reinforcing bar which, together with the observed mode of failure comprising pull-out of the bar, suggests that the bond behaviour will influence the global behaviour of the member in fire.
For the 6, 7 and 8 mm ribbed bars, Fig. 17 shows that the loss of bond strength is similar to the loss of the strength of the bar which, together with the observed failure behaviour of fracture of the bar in all tests, suggests that these size ribbed bars within a mesh can be considered as being fully bonded. The 10 mm bar failed by splitting of the concrete (owing to the low cover/bar diameter ratio) and below 4008C had a greater reduction in bond strength compared to the smaller bars.
The comparison between the current authors' tests on mesh reinforcement and previous researchers' tests on individual bars at elevated temperature is shown in Fig. 18 for plain bars and Fig. 19 for ribbed bars. It can be seen that the present authors' tests retain more bond strength with increase in temperature owing to the welded transverse bar.
Conclusions
Pull-out tests, at elevated temperatures, on standardsize mesh reinforcement have been carried out incorporating the bond behaviour of the longitudinal and transverse bars together with the strength of the connecting weld. Both smooth and ribbed bars were tested. The average bond stress-slip relationships for all bars at 20, 200, 400, 600, 800 and 10008C are presented and can be directly used within existing computer models to predict global structural behaviour.
It was found that the 6, 7 and 8 mm diameter ribbed mesh failed by fracture of the longitudinal bar at all temperatures, including ambient temperature. It was shown that the reduction of bond strength was similar to the reduction in strength of the bar which, together with the observed modes of failure, lead to the conclusion that ribbed mesh can be assumed to be fully bonded at all temperatures. The 10 mm diameter ribbed mesh failed by splitting owing to the cover/bar diameter ratio being small. All plain bars failed by fracture of the weld followed by pull-out of the bar. It was also shown that the reduction in bond strength at elevated temperatures was greater than the reduction in strength of the bar up to 8008C. Therefore the correct bond stress-slip relationship should be modelled for smooth bars to accurately predict global behaviour. In design it is important to identify and predict modes of failure. In terms of composite floor slabs the ultimate mode of failure is localised full-depth cracks followed by fracture of the reinforcement. From the tests presented in this paper it has been shown that smooth bars are more beneficial since the bond is broken before fracture of the bar allowing strains to be distributed along the bar. In the case of ribbed bars the bond is such that localised strain will occur in the bar at crack locations, leading quickly to fracture of the bar. The full-scale fire tests on the Cardington steelframed building have been extensively used to validate computer models, which are being used for current design. However, the mesh reinforcement used on this building consisted of smooth bars, which was beneficial in terms of ultimate fracture of the reinforcement. It is therefore possible, due to localised strains in high bond bars, that the composite slab would not have the inherent strength witnessed in the tests if ribbed mesh reinforcement were used instead. 
